Introduction {#sec1}
============

The global rise in obesity has become a public health crisis.[@bib1] Excess body fat can increase the risk for many chronic diseases, like type 2 diabetes, cardiovascular disease, liver disease, and other metabolic syndromes.[@bib2], [@bib3], [@bib4] Recent studies revealed that approximately 20% of many common cancers are also caused by excess body fat accumulation.[@bib5] Thus, feasible strategies to reduce adiposity are urgently needed. Because a western diet and sedentary lifestyle result in an imbalance between energy intake and expenditure,[@bib6] nonsurgical therapy to increase energy expenditure could be an efficient approach to overcome obesity.

The main function of white adipocytes is to store excess energy as triglycerides, whereas brown and beige adipocytes are specialized to oxidize chemical energy to produce heat, which constitutes a natural defense against hypothermia and obesity.[@bib7] Due to the relatively small amount of classic brown adipocytes in adult human beings, the induction of subcutaneous white adipocytes into the intermediate category of beige adipocytes, also known as "browning" of white adipocytes, has become a research focus.[@bib8] It has been reported that activation of the multilocular smaller beige adipocytes in subcutaneous adipose tissue (SAT) protected mice and humans from diet-induced obesity and related metabolic complications, such as insulin resistance.[@bib9], [@bib10] On the other hand, previous studies found that the percentage of large white adipocytes (\>5,000 μm^2^) was significantly higher in the subcutaneous depot of obesity-prone mice,[@bib11] indicating the loss of the metabolic benefit of SAT. Therefore, activating the beige adipocytes in SAT may pave the way for improved therapeutic strategies to help combat metabolic disorders.

Although β-adrenergic agonists and other hormone-like stimuli were shown to be able to induce SAT "browning,"[@bib12], [@bib13] physiological cold stress is still the most prominent way to activate the multilocular beige adipocytes.[@bib14] Thus, developing therapies aimed at increasing beige adipocyte number requires detailed mechanistic understanding. PR-domain-containing 16 (*Prdm16*) is a critical transcriptional factor that powerfully regulates beige adipocyte differentiation and thermogenic gene expression in SAT.[@bib15] Interestingly, depot-dependent effects were observed in mice that overexpress *Prdm16*, probably due to the differential stability of the protein in subcutaneous and visceral fat.[@bib16] Of note, increased expression of *Prdm16* markedly promoted beige development in SAT, which protected mice against diet-induced metabolic diseases.[@bib15] By contrast, ablation of *Prdm16* caused a profound loss of beige cell function in SAT, leading to aggravated obesity and hepatic steatosis.[@bib17] Thus, identifying signaling molecules that transcriptionally or post-transcriptionally regulate *Prdm16* may offer new targets for clinical applications. Mechanistic studies revealed that the anti-diabetic drug Rosiglitazone can convert white to beige adipocytes through stabilizing PRDM16 expression.[@bib18] However, owing to its apparent association with increased risks of heart attack and other severe side effects, Rosiglitazone is not ideal for targeting PRDM16 *in vivo*.

MicroRNAs (miRNAs) are small non-coding RNA molecules that negatively regulate gene expression through targeting the 3′ UTR of mature mRNA.[@bib19] Recently, the role of miRNAs in adipocyte function has received significant attention.[@bib8], [@bib20] By generating mice with an adipose tissue-specific knockout of Dicer, a major endoribonuclease for miRNA maturation, Mori et al.[@bib21] observed significant "whitening" of interscapular brown adipose tissue (BAT), suggesting the necessity of normal miRNA processing for maintaining adipose function. Notably, several miRNAs have been found to play essential roles in classic brown and beige cell adipogenesis.[@bib22], [@bib23], [@bib24] For example, miR-193b/365 cluster, which is co-localized on chromosome 16, regulated brown fat differentiation by targeting Runx1t1.[@bib25] In addition, miR-196a mediated SAT browning via inhibition of Hoxc8, which could repress the expression of the brown adipogenic marker C/EBPβ.[@bib26] Moreover, the muscle-enriched miR-133 was shown to impair both brown and beige cell development by targeting *Prdm16*. Collectively, these studies indicate that miRNAs are important signaling molecules to promote beige cell function.

Here, we reported that the expression of miR-149-3p was elevated in SAT of high-fat fed mice. The deregulated expression of miR-149-3p caused an acquisition of partial visceral like features of SAT, along with reduced thermogenic capability through targeting *Prdm16* in obese mice. Reduction of miR-149-3p expression in SAT significantly improved diet-induced glucose intolerance and hepatic steatosis via increasing energy expenditure.

Results {#sec2}
=======

High-Fat Diet Induces the Acquisition of Partial Visceral-like Features of SAT {#sec2.1}
------------------------------------------------------------------------------

Although it is well known that visceral fat deposition leads to a series of metabolic abnormalities, whether a high-fat diet (HFD) also influences the molecular and functional characteristics of SAT is still debated.[@bib27], [@bib28], [@bib29] To investigate the effect of HFD on SAT metabolism, we placed mice on HFD for 12 weeks. As shown in [Figures 1](#fig1){ref-type="fig"}A and 1B, compared with mice fed on normal chow diet (NCD), HFD feeding not only caused increased body weight but also significantly elevated the weight of visceral epididymal white adipose tissue (WAT), as well as the subcutaneous inguinal fat depot. Consistently, the mRNA levels of two main lipogenic transcription factors, *Pparγ2* and *Srebp1c*, were markedly upregulated in both epiWAT and ingWAT, indicating increased lipogenesis in both visceral and subcutaneous fat ([Figure 1](#fig1){ref-type="fig"}C). Interestingly, histological analysis showed that the average cell volume was much larger in SAT of HFD-fed mice, which resembles the epiWAT ([Figure 1](#fig1){ref-type="fig"}D). A defining feature of SAT is its higher capacity for thermogenesis compared with visceral WAT. Hence, the mRNA levels of thermogenic-associated genes were accessed in SAT. As shown in [Figure 1](#fig1){ref-type="fig"}E, *Cidea*, *Elovl6*, *Cox8b*, and *Pgc-1α* were markedly decreased in the inguinal SAT of HFD-fed mice. Immunoblotting analysis also revealed that a certain amount of UCP1 was readily observed in the ingWAT of mice fed NCD, whereas the UCP1 was almost undetectable in HFD fed mice ([Figure 1](#fig1){ref-type="fig"}F), suggesting that the UCP1-dependent thermogenesis of SAT was significantly decreased upon HFD feeding. Considering the increased adipocyte size along with the decreased thermogenic capacity, we speculated that HFD might cause a visceral-like phenotype of SAT. Thus, two sets of marker genes used to characterize classical visceral fat were analyzed in SAT of HFD-fed mice. Compared with mice fed on NCD, both the WAT-selective genes (*Serpina3k*, *Resistin*, *Anxa1*, *Psat*, and *Wdnm1*) and visceral signature genes (*Saa3*, *Wt1*, *Bnc1*, *Agt*, and *Opgn*) were profoundly upregulated in SAT of mice on HFD ([Figures 1](#fig1){ref-type="fig"}G and 1H). Taken together, these results suggest that chronic HFD induces the acquisition of both morphological and molecular visceral-like features of SAT, along with the suppressed ability of thermogenesis.Figure 1High-Fat Diet Induces the Partial Visceral-like Switches of SAT(A--H) Mice were fed on HFD or NCD for 12 weeks. (A) Body weights of mice on NCD or HFD. (B) Weights of fat pads from mice (n = 8). (C) Normalized expression of lipogenesis genes in subcutaneous and visceral adipose tissue from mice fed on NCD or HFD (n = 8). (D) H&E staining of SAT and visceral (VISC) adipose tissue. Scale bars: 100 μm. (E) Normalized expression of thermogenic genes in SAT (n = 8). (F) Western blot analysis of UCP1 protein level in SAT. (G and H) Normalized expression of white adipose tissue-selective genes (G) and visceral white adipose tissue-selective genes (H) in SAT from mice fed on NCD or HFD. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

The Expression of SAT PRDM16 Is Downregulated by miR-149-3p in High-Fat Fed Mice {#sec2.2}
--------------------------------------------------------------------------------

Because *Prdm16* is a critical mediator in SAT thermogenesis and mice lacking *Prdm16* are prone to develop obesity and insulin resistance when placed on HFD,[@bib30] we, therefore, checked *Prdm16* expression in HFD-fed mice. Although only a tendency toward reduced mRNA expression of *Prdm16* was observed in SAT of HFD-fed mice, the protein level of PRDM16 was significantly downregulated ([Figures 2](#fig2){ref-type="fig"}A and 2B), confirming our hypothesis that the decreased thermogenic capacity of SAT is associated with impaired PRDM16 function. Given the key role of PRDM16 in the SAT adaptive thermogenesis, restoration of the decreased PRDM16 level might be an efficient way to limit weight gain caused by caloric excess. Interestingly, the inconsistency between the decreased mRNA and protein levels suggested a post-transcriptional regulation of PRDM16 upon HFD feeding, such as miRNAs. In our previous study,[@bib8] we identified that miR-149-3p, which negatively regulated PRDM16 expression by targeting a conserved site of its 3'UTR, was significantly upregulated in SAT of mice on chronic HFD ([Figures 2](#fig2){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}A). Fluorescent *in situ* hybridization (FISH) assay also confirmed the upregulation of miR-149-3p in HFD adipocytes ([Figure 2](#fig2){ref-type="fig"}D). Therefore, the anti-miR-149-3p was directly introduced into the subcutaneous inguinal depot by employing a lentiviral vector. As the schematic diagram shows ([Figure 2](#fig2){ref-type="fig"}E), by using multi-point subcutaneous injection, 10^8^ lentiviral transducing particles (TU) were inoculated into the inguinal fat of each mouse. The first viral administration was performed on the day prior to HFD feeding, and 6 weeks post-infection, the same dose of anti-miR-149-3p was administered again to strengthen the effect. According to the immunohistochemical analysis, 12 weeks post initial treatment, about 70% of inguinal cells were infected as shown by GFP expression ([Figure 2](#fig2){ref-type="fig"}F). Significantly decreased fluorescence intensity of miR-149-3p was observed in SAT due to the masking effect of anti-miR-149-3p in the FISH assay ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Inhibition of miR-149-3p robustly upregulated PRDM16 protein level in the subcutaneous inguinal adipose of HFD-fed mice, along with mildly increased mRNA expression ([Figures 2](#fig2){ref-type="fig"}G and [S2](#mmc1){ref-type="supplementary-material"}C). Immunofluorescence assay also confirmed the increase of PRDM16 and UCP1 in SAT of HFD-fed mice treated with anti-miR-149-3p ([Figure 2](#fig2){ref-type="fig"}H). These results indicate that the expression of SAT PRDM16 is negatively regulated by miR-149-3p when exposed to HFD and suppression of the elevated miR-149-3p can restore PRDM16 protein level.Figure 2miR-149-3p Decreases PRDM16 Expression in SAT upon High-Fat Feeding(A and B) Analysis of PRDM16 mRNA (A) and protein levels (B) in the SAT adipose tissue from mice fed on NCD or HFD. (C) Schematic descriptions of the putative duplexes formed by miR-149-3p with the 3′ UTR of PRDM16. (D) FISH for miR-149-3p in the SAT from mice fed on NCD or HFD. Scale bars: 50 μm. (E--H) Lentiviral vector (LV) containing scrambled control (scramble) or antisense-miR-149-3p (anti-miR-149-3p) or PBS (ctrl) were used for SAT adipose tissue infection in male mice (n = 8). (E) Schematic of the experimental protocol. (F) Appearance of GFP in SAT adipose tissue of mice infected with LV-scramble or LV-anti-miR-149-3p or PBS. Nuclei were stained with DAPI (blue). Scale bars: 100 μm. (G) Western blot analysis of PRDM16 protein level in the three groups of SAT. (H) Immunofluorescence analysis of UCP1 and PRDM16 expression in SAT adipose tissue of mice infected with LV-scramble or LV-miR-149-3p. Scale bars: 20 μm. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Ablation of miR-149-3p Increases SAT Thermogenesis in High-Fat-Fed Mice {#sec2.3}
-----------------------------------------------------------------------

To assess the influence of miR-149-3p suppression on SAT of HFD-fed mice, we used immunohistochemistry to analyze the morphological change. As shown in [Figure 3](#fig3){ref-type="fig"}A, inhibition of SAT miR-149-3p caused a marked decrease in mean adipocyte area of SAT. Then, flow cytometry was used to quantitate the major myeloid and lymphoid subset in the inguinal fat of different groups of mice. Compared to mice treated with scrambled sequence, SAT from anti-miR-149-3p administered mice had a significant decrease in the fraction and number of CD11b^+^F4/80^+^ macrophages ([Figure 3](#fig3){ref-type="fig"}B). These observations suggested that the HFD-induced fat cell hypertrophic expansion and macrophage infiltration were ameliorated by anti-miR-149-3p treatment in SAT. Next, we analyzed the expression of a set of pro-inflammatory genes associated with the visceral signature profile. Consistent with previous results, *Saa3*, *Agt*, *Alox15*, *Opgn*, and *Raldh2*, five genes that contribute to inflammation, were all upregulated in HFD-stimulated SAT. However, downregulation of miR-149-3p resulted in profound suppression of these genes ([Figure 3](#fig3){ref-type="fig"}C). We next asked whether suppressed miR-149-3p expression in SAT can drive a program of thermogenesis through upregulation PRDM16. As shown in [Figure 3](#fig3){ref-type="fig"}E, representative electron micrographs showed that the mitochondria number was elevated in SAT treat with anti-miR-149-3p, indicating the improved metabolic rate. Moreover, the sets of genes associated with the thermogenic program were quantified. As shown in [Figure 3](#fig3){ref-type="fig"}D, the suppressed levels of the thermogenic genes (*UCP1*, *Dio2*, *Cidea*, *Cox8b*) were largely restored in SAT of HFD-fed mice by depleting miR-149-3p expression. Immunohistochemical analysis confirmed that the UCP1-expressing fat cells were readily detected in the SAT of miR-149-3p depleted mice, but not in control mice, after 12-week of consuming the HFD ([Figure 3](#fig3){ref-type="fig"}F). Collectively, these results suggest that ablation of miR-149-3p decreased the HFD-induced inflammatory gene expressions while promoting the thermogenic program in SAT of mice.Figure 3Ablation of miR-149-3p Increases SAT Thermogenesis in High-Fat Fed Mice(A) H&E staining of SAT infected with LV-scramble or LV-anti-miR-149-3p or PBS. Scale bars: 100 μm. (B) Flow cytometric quantitation of CD11b+F4/80+ macrophages in SAT from mice infected with LV-scramble or LV-anti-miR-149-3p or PBS. (C) Normalized expression of pro-inflammatory genes in the three groups of SAT (n = 8). (D) Normalized expression of thermogenic genes in the three groups of SAT (n = 8). (E) Transmission electron microscopy of SAT from the three groups of mice. Scale bars: 5 μm, 2 μm, 1 μm. (F) Immunohistochemistry for UCP1 protein in sections of SAT from the three groups of mice. Scale bars: 100 μm. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

SAT Inhibition of miR-149-3p Protects Mice from Obesity and Insulin Resistance upon High-Fat Feeding {#sec2.4}
----------------------------------------------------------------------------------------------------

In light of the thermogenic effect of anti-miR-149-3p action in SAT, mice were subjected to whole-body metabolic analysis in response to HFD. As shown in [Figure 4](#fig4){ref-type="fig"}A, mice treated with anti-miR-149-3p gained significantly less weight than those that received scrambled nucleotides during the 60-day high-fat feeding. Body composition analysis showed that the miR-149-3p-depleted mice had gained less subcutaneous inguinal fat, as well as visceral epidydimal mass, consequently resulting in a higher lean/fat mass ratio compared with control groups of mice ([Figure 4](#fig4){ref-type="fig"}B). Notably, the reduced body weight gain in anti-miR-149-3p-administered mice was not due to food intake alteration ([Figure 4](#fig4){ref-type="fig"}C). However, higher energy expenditure during both day and night cycles was observed in mice with suppressed miR-149-3p ([Figures 4](#fig4){ref-type="fig"}D--4F). Importantly, to avoid differences in body weight or composition potentially interfering with the accuracy of metabolic calculations, the energy expenditure was assessed 7 days post high-fat feeding, before the occurrence of body weight change. As shown in [Figure 4](#fig4){ref-type="fig"}G, comparable physical activity was also observed between miR-149-3p-depleted mice and control animals. These above results strongly suggest that mice with suppressed SAT miR-149-3p were protected from diet-induced obesity, which resulted from a marked upregulation of energy expenditure and was not linked with physical activity alteration. Because diet-induced obesity is associated with insulin and glucose intolerance, we next performed glucose and insulin tolerance tests on the different groups of mice. Compared to mice treated with anti-miR-149-3p, the control groups of mice showed more pronounced hyperglycemia 45, 60, and 90 min after glucose administration while downregulation of miR-149-3p in SAT resulted in more rapid clearance of glucose ([Figure 4](#fig4){ref-type="fig"}H). In addition, high-fat-fed mice with decreased miR-149-3p displayed significantly improved insulin sensitivity relative to control animals, as determined by insulin tolerance test after 12 weeks of HFD ([Figure 4](#fig4){ref-type="fig"}I). Together, these observations implicate that decreased miR-149-3p levels in SAT efficiently increases mouse whole-body energy expenditure, which can counteract diet-induced body weight gain and insulin resistance.Figure 4Inhibition of miR-149-3p Protects Mice from Obesity after High-Fat Feeding(A) Body weights of mice infected with LV-scramble or LV-anti-miR-149-3p or PBS (n = 8). (B) Weights of fat pads from mice infected with LV-scramble or LV-anti-miR-149-3p or PBS (n = 8). (C) Food intake was measured in the three groups of mice after 1 week of high-fat diet (n = 8). (D--F) O~2~ consumption (D), CO~2~ production (E), and respiratory exchange ratio (F) in LV-scramble or LV-anti-miR-149-3p or PBS infected mice (n = 8). (G) Activity of the three groups of mice after 1 week of HFD at day and night (n = 8). (H and I) Glucose tolerance tests (GTTs) (H) and insulin tolerance tests (ITTs) (I) were performed in the three groups of mice (n = 8). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Downregulation of miR-149-3p Reverses SAT Visceralization and Metabolic Dysfunction in Obese Mice {#sec2.5}
-------------------------------------------------------------------------------------------------

Our above results have demonstrated that inhibition of miR-149-3p in SAT can protect mice from obesity and related metabolic dysfunctions. To further determine whether treatment with anti-miR149-3p could be used also as a treatment for obesity, mice were treated with anti-miR149-3p after 12-weeks of HFD from weaning. As indicated in the schematic diagram ([Figure 5](#fig5){ref-type="fig"}A), 14 days after multi-point subcutaneous injection of lentiviral vectors either expressing anti-miR-149-3p (5 × 10^8^ TU/mice) or scrambled sequences, metabolic analyses were conducted on both groups of mice. According to immunohistochemical analysis, about 70% of adipocytes in subcutaneous inguinal fat were infected, as indicated by GFP expression ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Compared to scrambled controls, the introduction of anti-miR-149-3p affected neither food intake nor physical activity of mice ([Figures 5](#fig5){ref-type="fig"}B and 5C). However, the increased energy expenditure might account for the slight downregulation of body weight and visceral fat mass in the group of mice with decreased level of miR-149-3p ([Figures 5](#fig5){ref-type="fig"}D and 5E). The inhibition of miR-149-3p significantly increased PRDM16 and UCP1 levels in SAT, which was highly correlated with browning effects ([Figures 5](#fig5){ref-type="fig"}F and 5G). As shown in [Figure 5](#fig5){ref-type="fig"}H, the set of thermogenic-associated genes (*Pgc-1α, Cox8b, Cidea*, and *Ucp1*) was robustly elevated by miR-149-3p inhibition. In addition, immunohistochemical analysis showed that the average cell volume was much smaller in SAT, indicating that inhibition of miR-149-3p ameliorated the HFD-induced adipocyte hypertrophic expansion ([Figure 5](#fig5){ref-type="fig"}I). Furthermore, two sets of genes (white-selective and visceral-signature) that were drastically increased by high-fat stimulation, were also suppressed in SAT by anti-miR-149-3p treatment ([Figures 5](#fig5){ref-type="fig"}J and 5K). Importantly, after 12 weeks of high-fat feeding, severe hepatic steatosis was observed in mice received scramble nucleotides. However, loss of miR-149-3p in SAT profoundly improved hepatic steatosis caused by HFD, as determined by oil red O stained sections of mouse liver from both groups of mice ([Figure 5](#fig5){ref-type="fig"}L). Therefore, these results indicate that downregulation of miR-149-3p efficiently induces thermogenesis while suppressing the obesity-induced "visceralization" in SAT, consequently improving whole-body energy expenditure and hepatic steatosis in obese mice.Figure 5Downregulation of miR-149-3p Reverses Metabolic Dysfunction in Obese Mice(A--L) After 3 months of HFD, LV-containing scrambled control (scramble) or antisense-miR-149-3p (anti-miR-149-3p) were used for SAT infection in mice (n = 8). (A) Schematic of the experimental protocol. (B--E) Food intake (B), activity (C), body weight (D), and VISC weight (E) of the two groups of mice (n = 8). (F) Immunofluorescence analysis of UCP1 and PRDM16 expression in SAT adipose tissue of mice infected with LV-scramble or LV-miR-149-3p. Scale bars: 20 μm. (G) Western blot analysis of PRDM16 and UCP1 protein levels in SAT infected with LV-scramble or LV-miR-149-3p. (H) Normalized expression of thermogenic genes in SAT infected with LV-scramble or LV-miR-149-3p (n = 8). (I) H&E staining of SAT from mice infected with LV-scramble or LV-miR-149-3p. Scale bars: 100 μm. (J and K) Normalized expression of white-selective genes (J) and visceral-signature genes (K) in LV-infected SAT (n = 8). (L) Oil red O staining of liver from the two groups of mice. Scale bars: 100 μm. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Discussion {#sec3}
==========

The obesity epidemic has become a serious public health problem. The overconsumption of dietary fat is the main cause of excess body fat accumulation, including the expansion of both visceral and SAT. The current interest in the browning of SAT is mainly related to the possibility that its thermogenic abilities can potentially be recruited to counteract obesity and its related metabolic complications. Our study reveals an important role for miR-149-3p- and *Prdm16*-dependent regulation of the obesity-associated metabolic disorders. Importantly, the reduction of miR-149-3p in SAT partially protects mice from diet-induced weight gain and insulin resistance and may improve hepatic steatosis in obese mice.

Compared to subcutaneous adiposity, which is relatively benign, visceral adiposity has been considered the major culprit in the development of obesity-associated metabolic complications, including type 2 diabetes and liver disease.[@bib2] In recent years, SAT has received great attention due to its extraordinary thermogenic capacity in response to cold exposure or β-adrenergic stimulation.[@bib14] Although it has been noticed that during the onset of obesity, the disrupted catecholamine signals also contribute to excess fat accumulation,[@bib31] the molecular and metabolic changes of SAT when exposed to chronic high-fat feeding have rarely been investigated. Our results showed that long-term high-fat feeding caused the SAT of mice to acquire partial key properties of visceral fat, including increased lipogenesis and average cell volume, and significantly elevated WAT-selective and visceral-signature genes ([Figure 1](#fig1){ref-type="fig"}). Notably, *Saa3*, *Agt*, and *Opgn*, part of the visceral profile, were proinflammatory genes of known functional importance,[@bib32], [@bib33], [@bib34] suggesting the increased inflammation in SAT upon high-fat feeding. In addition, we further found that diet-induced obesity was also accompanied by reduced thermogenic capacity of SAT, as most of the thermogenic-related genes (*Pgc-1α*, *Elovl6*, *Cox8b*, and *Cidea*) were decreased, especially the barely detected UCP1 expression. Of note, diet-induced thermogenesis (DIT) has been described as "a myth" due to its vague definition as anything that can dissipate some energy of food eaten.[@bib35], [@bib36] Therefore, the significance of DIT for metabolic control is still debated, especially in SAT. In the present study, our data clearly showed that after long-term high-fat feeding (12 weeks), not only was increased mass weight observed, but also, more importantly, thermogenic capacity was markedly blunted in SAT. In line with previous reports that the subcutaneous beige adipose tissue might not play an important role in the UCP1-dependent DIT,[@bib37] our study showed that the readily detected UCP1 protein level in mice fed NCD was decreased significantly when exposed to chronic high-fat feeding. Partial acquisition of visceral-like features and suppressed thermogenicability, the beneficial effect of SAT was largely impaired upon chronic high-fat feeding. Therefore, our data strongly suggested that restoring the suppressed function of SAT, especially the thermogenic program, might confer beneficial effects on diet-induced adiposity and insulin resistance.

It is still unclear whether the HFD-induced visceral-like phenotype of SAT is causally related to its repressed thermogenic ability, however, this observation is reminiscent of the molecular and morphological pattern seen in Adipo-PRDM16 knockout mice. As the master transcription factor that promotes thermogenesis in SAT, loss of PRDM16 not only blunts the thermogenic program characteristic of SAT but also induces its acquisition of some of the deleterious features of visceral fat,[@bib17] which is consistent with our observations in the SAT of mice on chronic high-fat feeding. Adipo-PRDM16 knockout had minimal effects on BAT but markedly inhibited "browning" of SAT. Furthermore, adipo-PRDM16 knockout mice gained more weight on a HFD, which might be due to the loss of PRDM16 in SAT. As expected, we found that the PRDM16 protein level was sharply decreased in SAT upon HFD, indicating that the downregulated PRDM16 might account for the lost beneficial effect of SAT ([Figure 2](#fig2){ref-type="fig"}). According to previous studies, mice with more beige adipocytes have been found to be protected from metabolic diseases. Overexpression of *Prdm16* in adipose lineages resulted in significant "browning" of SAT along with increased energy expenditure, which improved glucose metabolism and insulin sensitivity. Meanwhile aP2-PRDM16 transgenic mice displayed slightly increased lean mass on a chow diet, and the thermogenic gene expression was robustly increased in SAT while the morphological appearance of the SAT was more BAT-like.[@bib15] However, transgenic expression of *Prdm16* in adipose tissue using the aP2 promoter did not increase the levels of thermogenic genes in visceral fat and interscapular BAT (iBAT). Therefore, the benefits of *Prdm16* overexpression in adipose tissue might depend on its effect on SAT. However, there is still a lack of direct evidence that *Prdm16* also plays an important anti-obesity and anti-diabetic role in an obese background. Our study is the first to prove that upregulation of *Prdm16* in SAT of the diet-induced obese mice can ameliorate body weight gain and improve system insulin sensitivity ([Figure 5](#fig5){ref-type="fig"}). Thus, signaling molecules that could upregulate *Prdm16* may represent new targets for clinical applications.

Researchers have identified that PPAR agonists, such as Rosiglitazone, could induce the thermogenic program in SAT through stabilizing PRDM16 protein, however, more mechanistic studies are required due to the severe side effects of the Glitazones *in vivo*. miRNAs have been shown to play crucial roles in gene regulation during adipogenesis including the browning of SAT,[@bib22], [@bib25] thus representing promising therapeutic targets for metabolic diseases. The myomiR-133, proinflammatory miR-155, and miR-34a have been reported to negatively regulate the browning process of SAT, whereas miR-196a, miR-27, and miR-378 were identified as positive regulators of cold-induced thermogenesis.[@bib22], [@bib23], [@bib24], [@bib26], [@bib38], [@bib39] In this study, we observed a robust upregulation of miR-149-3p in SAT of HFD-fed mice. Because we have demonstrated that *Prdm16* is a direct target of miR-149-3p, we showed here that the inhibition of miR-149-3p in SAT of mice with an HFD resulted in a significant increase in PRDM16 protein level, as well as SAT thermogenesis and whole-body energy expenditure, with no alteration in food intake and physical activity. More importantly, depletion of miR-149-3p led to improved glucose tolerance and insulin sensitivity, while decreasing the infiltration of macrophages in SAT, and liver steatosis in mice fed a HFD ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}).

In addition, it has recently been shown that beige fat may also secrete endocrine factors to modulate systemic metabolism. For instance, beige fat can secrete interleukin-6 to regulate hepatic glucose and lipid metabolism.[@bib40] As a critical transcriptional factor, PRDM16 can powerfully regulate beige adipocyte differentiation and secretion; for example, Slit2-C secreted by SAT of aP2-PRDM16 transgenic mice promotes SAT thermogenesis.[@bib41] Therefore, it may be worth exploring whether SAT activated by PRDM16 secretes endocrine factors to ameliorate metabolic disorders.

In summary, we have provided direct evidence of the anti-obesity and anti-diabetic effect of *Prdm16* in the obese background for the first time. Our study also revealed an important mechanism of miR-149-3p- and *Prdm16*-dependent regulation of energy expenditure upon chronic high-fat feeding, indicating that SAT miR-149-3p can serve as a therapeutic target to defend against diet-induced obesity and metabolic dysfunctions.

Materials and Methods {#sec4}
=====================

Reagents and Antibodies {#sec4.1}
-----------------------

The MystiCq microRNA qPCR Assay (cat\#MIRRM02) and TRIzol reagent (cat\#T9424) were purchased from Sigma (Deisenhogfen, Germany). RIPA buffer (cat\#P0013B), protease, and phosphatase inhibitor cocktail (cat\#P1048) were purchased from Beyotime (Shanghai, China). For western blotting, anti-PRDM16 antibody (cat\#AF6295) was purchased from R&D Systems (Tustin, CA, USA), anti-UCP1 antibody (cat\#14670) was purchased from Cell Signaling Technologies (Danvers, MA, USA), and anti-α-tubulin (cat\#sc-53646) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For flow cytometry, anti-CD11b (cat\#101207), anti-CD45 (cat\#103121), and anti-F4/80 (cat\#123115) were purchased from BioLegend (San Diego, CA, USA). Anti-UCP1 used for immunohistochemistry was purchased from Abcam (Cambridge, MA, USA).

Animals {#sec4.2}
-------

All animal experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care Committee of Nanjing University. Male C57BL/6J (B6) mice were obtained from the Model Animal Research Center of Nanjing University. Adult C57 mice were divided into three groups. The three groups were injected with PBS, scrambled lentivirus, or miR-149 inhibiting lentivirus in inguinal adipose tissue *in vivo*. The method used for local injection of lentivirus was described earlier.[@bib8] Lentivirus packaged with mouse miR-149-3p antisense and Scramble were purchased from GenePharma (Shanghai, China). 1% pentobarbital sodium was used to anaesthetize mice. In both sides of the inguinal parts, a short incision was made. For protocol one, 50 μL of lentiviral particles (1 × 10^9^ TU/mL, 100 μL/mouse) were injected directly into the inguinal adipose tissues of 4-week-old C57BL/6J mice. After injection, the incisions were sutured and mice were fed *ad libitum* HFD (60% energy in kcal from fat) (Research Diets, New Brunswick, NJ, USA). The virus-infected mice were injected once more after 30 days later, and then sacrificed 60 days later. For protocol two, 150 μL of lentiviral particles (1 × 10^9^ TU/mL, 300 μL/mouse) were injected directly into the inguinal adipose tissues of mice on high-fat diet for 3 months. After 15 days, the mice were sacrificed.

Design of Lentiviral Vectors {#sec4.3}
----------------------------

The anti-miR-149-3p oligonucleotide sequence, which is fully complementary to the mature miR-149-3p (5′-GCACCGCCCCCGTCCCTCCCTC-3′), was designed. For general anti-miRNA oligonucleotide (AMO) designing, it is required that the AMO binds with high affinity to the miRNA "seed region," which spans bases 2--8 from the 5′ end of the miRNA. Here, the anti-miR-149-3p we employed was fully complementary to the mature miR-149-3p to increase binding affinity. The scramble sequence packaged into lentiviruses was 5′-TTCTCCGAACGTGTCACGT-3′. Then we purchased the GFP-expressing lentiviral vector LV3-pGLV-H1-GFP+Puro from GenePharma. The previously designed anti-miR-149-3p sequence was cloned into the lentiviral vector by GenePharma.

Immunohistochemical Staining {#sec4.4}
----------------------------

For immunohistochemical staining, inguinal adipose tissues were fixed in 4% paraformaldehyde for 24 h and then embedded in OCT. Cryostat sections of the inguinal adipose tissues were stained with DAPI (Eugene, Oregon, USA). The infected cells expressing GFP were visualized by immunofluorescence microscopy.

For UCP1 immunohistochemistry, 4% paraformaldehyde was used to fix inguinal adipose tissues for 24 h and then issues were embedded in paraffin. Slides (5 μm in thickness) were deparaffinized and incubated with rabbit polyclonal UCP1 antibody (1:500; Abcam, Cambridge, MA, USA) overnight at 4°C. Signals were amplified using 1:500 goat anti-rabbit immunoglobulin G horseradish peroxidase-linked antibody (Vector Laboratories, Burlingame, CA, USA) with the ABC kit (Vector Laboratories, Burlingame, CA, USA) and DAB substrate (Vector Laboratories, Burlingame, CA, USA). For H&E staining, slides were stained with eosin and hematoxylin (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Oil Red O Staining {#sec4.5}
------------------

Livers were fixed in 4% paraformaldehyde for 24 h and then embedded in OCT. Multiple slides (8 μm in thickness) were prepared and then rinsed with 70% ethanol for 2 min. Then oil red O (Sigma, Deisenhogfen, Germany) was used to stain the lipids for 15 min and the slides were rinsed with 75% ethanol for 5 min. The slides were washed with PBS and imaged immediately.

Western Blotting and Gene Expression {#sec4.6}
------------------------------------

For western blot analysis, tissues were extracted with RIPA buffer (Beyotime, Shanghai, China) supplemented with phosphatase and protease inhibitor cocktail (Beyotime, Shanghai, China). Proteins were resolved by 10% SDS-PAGE, and then probed with antibodies against PRDM16, UCP1, α-tubulin.

Total RNA from inguinal adipose tissues was extracted using the TRIzol method. For qPCR analysis, oligo d(T)18 primers (TaKaRa, Dalian, China) were used for reverse transcription of mRNA. To generate fluorescence, we used SYBR Green dye (Ambion, Carlsbad, CA, USA) combined with gene-specific primer pairs for mRNA quantification. Then the relative mRNA expression was normalized with 36B4 using the ΔΔCt method. miR-149-3p expression was verified by qPCR using the MystiCq microRNA qPCR Assay (Sigma, Deisenhogfen, Germany).

Flow Cytometry {#sec4.7}
--------------

Inguinal adipose tissue was excised and digested with collagenase type II (Sigma, Deisenhogfen, Germany). A 40 mm sieve was used to filter the cell suspensions, and after centrifugation at 450 g for 10 min the SVF was collected. To quantify macrophages, we stained SVF cells with anti-CD11b (BioLegend, San Diego, CA, USA), CD45 (BioLegend, San Diego, CA, USA) and F4/80 (BioLegend, San Diego, CA, USA). LSRIIinstrument (BD Bioscience, New Jersey, USA) and FlowJo software (single cell analysis, version 7.6.1, Oregon) were used to analyze the results.

Glucose Tolerance and Insulin Tolerance Tests {#sec4.8}
---------------------------------------------

For glucose tolerance tests, mice were fasted for 14 h and then intraperitoneally (i.p.) injected with dextrose (1 g/kg body weight). For insulin tolerance tests, mice were fasted for 6 h and then insulin (1 units/kg body weight) was administered by i.p. injection. For both glucose tolerance and insulin tolerance tests, a standard glucometer was used to measure glucose levels in tail blood at 0 min, 15 min, 30 min, 60 min, 90 min, and 120 min following injection.

Statistics {#sec4.9}
----------

All data were analyzed in GraphPad Prism 6.0 (GraphPad Software) with two-tailed Student's t tests. p values less than 0.05 were considered statistically significant: \*p ≤ 0.05, \*\*p ≤ 0.005, \*\*\*p ≤ 0.001. All values were presented as the mean ± SEM.
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